ABSTRACT: The morphology, relaxation properties, and conductivity of the statistical copolymer polystyrenic (alkoxy 1H-tetrazole-co-alkoxy nitrile), an anhydrous proton conductor, were measured. The material phase-separates into hard and soft domains, the latter corresponding to a phase richer in the pendant tetrazole groups. Using dielectric and mechanical spectroscopies, two relaxation processes were observed, the slower associated with local segmental dynamics of the backbone and the higher-frequency process involving motion of the tetrazole moieties. The latter is coupled to the ionic conductivity, which means that below the principal glass transition of the material (∼313 K) the conductive mechanism remains active. Thus, the usual compromise in proton exchange membranes between mechanical stability and ion conductivity can be avoided.
■ INTRODUCTION
The attraction of new energy sources has stimulated development of both new and existing technologies. An obvious enabling factor for devices such as photovoltaic and fuel cells is the combination of high performance and low cost. Polymeric materials are especially promising given, along with their inherent processability, the multitude of chemical structures available to tailor properties. For fuel cells, proton exchange membranes (PEMs) with high proton conductivity but very small electron conductivity are required. The current state-ofthe-art PEMs are made with Nafion, a perfluorinated polymer. However, the proton conductivity of Nafion is strongly dependent on its water content. This limits the operating temperature to below 373 K and requires precise control of hydration levels to obtain optimal cell performance. A better PEM would have the proton conductivity of hydrated Nafion without requiring water molecules for the conduction mechanism.
To produce materials possessing the desired conducting properties, the synthetic process must be guided by an understanding of the physical properties. In this work we describe dielectric and mechanical measurements on a protonconducting polymer, the statistical copolymer polystyrenic (alkoxy 1H-tetrazole-co-alkoxy nitrile) (PS-(Tz-co-CN)), the synthesis of which is described elsewhere. 1 In anhydrous conditions PS-(Tz-co-CN) has a DC conductivity σ DC = 4 × 10 −12 S/cm at ambient temperature and 2 × 10 −6 S/cm at 388 K, which is comparable to undoped imidazole and triazolecontaining polymers 2, 3 and higher than that of anhydrous Nafion (a sulfonic acid polymer). 4 However, this conductivity is well below that of hydrated Nafion (10 −2 S/cm at 353 K), small-molecule-doped materials including organic acid-and base-impregnated polybenzimidazole membranes, 5 strong aciddoped aromatic or heterocyclic polymers, 6 doped polymers structurally similar to PS-(Tz-co-CN) (e.g., imidazoles, triazoles, and tetrazoles), 2 and doped tetrazole-containing polymers, with σ DC as high as 10 −3 S/cm at high T. 7, 8 As σ DC of PS-(Tz-co-CN) is comparable to that of other undoped azole-based materials, 2, 3 we expect that its conductivity can be similarly improved several orders of magnitude by doping. Thus, although in the anhydrous and undoped state the conductivity of PS-(Tz-co-CN) is too low for practical PEM applications, this work focuses on understanding the physical properties of the material to guide future chemical modifications that can further improve the DC conductivity to yield viable PEM and related devices since high DC conductivity is not the only required property.
■ EXPERIMENTAL SECTION
The synthesis of the PS-(Tz-co-CN) (Figure 1 ) is described in detail elsewhere. 1 The relative amount of the two monomers, n = 0.90, was measured using proton nuclear magnetic resonance spectroscopy ( 1 H NMR). 1 On the basis of the molecular weight (11 000 D) of the precursor poly(4-vinylphenol), we assume M w = 23 300 D for the PS-(Tz-co-CN).
Dielectric spectra were measured using a Novocontrol Alpha impedance analyzer. The sample cell consisted of stainless steel parallel plates (diameter = 16 mm) with 0.1 mm Teflon spacers; the cell was assembled by pressing the material between the plates at ∼388 K. The stainless steel electrodes are impervious to ions from the PS-(Tz-co-CN) and thus function as blocking electrodes. Vacuum was maintained during the dielectric measurements, with temperature controlled by a custom closed-cycle helium cryostat (Cryo Ind.). An initial series of measurements at constant T = 383 K over a period of 64 h showed no change in the dielectric response of the material. Mechanical measurements employed an Anton Parr MCR 502 rheometer (parallel plate geometry: diameter = 8 mm; typical thickness = 1.2 mm). The sample was also molded at ca. 383 K in vacuo and kept under a nitrogen atmosphere during the mechanical measurements.
Atomic force microscopy (AFM) in tapping mode was done using an Asylum Cypher ES AFM, with a nitrogen atmosphere at 301 K. Samples (thickness ∼0.8 mm) were cast on a Teflon substrate from 21% by weight dimethyl sulfoxide solution dried at 373 K under nitrogen. Differential scanning calorimetry (DSC) was carried out with a TA Q100 at a heating rate of 10 K min −1 and a helium purge. Changes in the sample morphology are possible during high-temperature annealing; therefore, to maintain a consistent morphology among the different measurements, all experiments and sample preparation were conducted at temperatures not exceeding 388 K.
■ RESULTS Dielectric Spectroscopy. Dielectric spectra of PS-(Tz-co-CN) at different temperatures ( Figure 2 ) indicate the presence of three processes: (i) electrode polarization (EP), (ii) the α (or structural) relaxation, and (iii) a secondary β relaxation. EP is due to the accumulation of free charges at the surface of the blocking electrodes, manifested as large increases with decreasing frequency in both the real (ε′) and imaginary (ε″) components of the permittivity. The permittivity becomes essentially constant at low frequency (Figure 2) , at a value of ε′ ∼ 10
5 that is about 3 orders of magnitude larger than the permittivity of any material having only a permanent molecular dipole. This confirms the underlying process as EP rather than molecular reorientation. The α-relaxation, involving reorientation of permanent dipoles on the polymer backbone, is largely obscured by the large EP at lower temperatures, with the dispersion beginning to emerge at temperatures above about 323 K. The β relaxation is only evident in the glassy state at low temperatures, where the contribution of the other processes is negligible. This secondary process, involving intramolecular degrees of freedom, is due to motion of pendant groups (e.g., the polar tetrazole moiety).
We assume the three processes are independent and additive, so that the complex permittivity can be described by the sum of the three contributions, along with a frequency-independent constant, ε ∞ ε ε ε ε ε * = * + * + * +
We simultaneously fit eq 1 to both the real and imaginary parts of ε*(f); the calculated curves are included in Figure 2 .
To describe the EP contribution we used the empirical modification of the MacDonald model 9 proposed by Fragiadakis et al. 10 ε ε π τ π τ
where Δε EP and τ EP are the apparent dielectric strength and relaxation time, respectively, and n (0 < n ≤ 1) is related to the roughness of the electrode surface. 11 For a single charge carrier with charge q, Δε EP and τ EP are related to the charge mobility, μ, and concentration, p, as
where ε 0 is the vacuum permittivity; ε s is the static dielectric constant; and L is the electrode spacing. The Debye length L D is
where k is the Boltzmann constant. Since Δε EP and τ EP have different dependences on μ and p, the values of μ and p can be extracted from the measured ε EP * . The relaxation times τ α and τ EP showed non-Arrhenius temperature dependences, with an apparent activation energy that increased with decreasing temperature. These temperature dependences can be described by the Vogel−Fulcher− Tammann (VFT) equation
where τ 0 , T 0 , and B are constants; 12 the obtained values for the VFT parameters are listed in Table 1 . The β process exhibits
2 and E β = 33.8 ± 0.3 kJ/mol ( Figure 5 ). This activation energy is about half the value of 24RT g expected for a Johari−Goldstein-type secondary relaxation; 13, 14 thus, it is identified as a local motion of the pendant groups. The β process could be related to the fast motion of the CN side groups, but more work is necessary to confirm this possibility.
Mechanical Relaxation. The modulus measured at a fixed frequency of 1 Hz is shown in Figure 6 as a function of temperature. Two processes are evident, with respective peaks at T ≅ 303 and 338 K. The molecular weight of the PS-(Tz-co-CN) backbone is less than the value (= 18 100 D 16 ) for entanglement interactions of polystyrene (PS), so the highertemperature process cannot be due to terminal relaxation. Both peaks are attributed to local segmental dynamics. 
a For τ M fast the data were shifted in temperature by 10.5 K to superimpose with τ α . Figure 5 . Arrhenius plot of the relaxation times from dielectric (squares and circles) and mechanical (normal and inverted triangles) measurements on PS-(Tz-co-CN). The solid inverted triangles are the τ M fast shifted by 10.5 K, yielding superpositioning with the dielectric τ α . Included for comparison are the mechanical relaxation times for polystyrenes having molecular weights bracketing that of the polymer herein. 15 The solid lines represent eq 8. The vertical dotted line denotes the temperature (333 K) at which τ α and μ decouple.
To understand the origin of two processes, we made isothermal measurements of the mechanical modulus at low temperatures ( Figure 7 ). Equation 7 was fit to the higherfrequency peak to determine τ M fast . The exponent β KWW ≅ 0.2 indicates a somewhat broader peak than the dielectric α-relaxation peak, for which β KWW ∼ 0.3. Because only part of the lower-frequency peak was present in most spectra, we determined the relaxation time at T = 329 K by fitting eq 7 to the spectrum and then calculated τ M slow at the other temperatures using frequency−temperature shift factors that superpose the spectra toward lower frequencies (see Supporting Information for the master curve). The obtained mechanical relaxation times are displayed in Figure 5 , along with the relaxation times from the dielectric spectra. Invariably segmental relaxation times are longer when determined by mechanical measurements than the values extracted from dielectric spectra. 12,17−20 The origin of this difference is a current topic of investigation. 21, 22 The faster mechanical relaxation peak appears to correspond to the dielectric α-relaxation, the mechanical τ M fast superpose on the dielectric τ α , by a 10.5 degrees shift. On the other hand, the τ M slow are longer than the relaxation times of any of the dielectric processes; the corresponding dielectric peak would fall at frequencies for which they would be hidden by the large ionic conductivity and consequent EP. The τ M slow exhibit VFT behavior, with the parameters for eq 8 listed in Table 1 . If the slow relaxation is associated with a distinct phase of the material, the corresponding glass transition temperature T g slow = 320 K (or 330 K applying the same temperature shift as for τ M fast ; solid symbols in Figure 5) . Therefore, the observed dielectric α-relaxation is associated with the fast mechanical relaxation (softer phase of PS-(Tet-co-CN)), while the slow relaxation (hard phase) is observed only by mechanical spectroscopy due to electrode polarization affecting the dielectric measurements.
An interesting aspect of the rheological measurements is that even at temperatures well above T g viscous flow is suppressed. The dynamic mechanic data are suggestive of solid-like behavior: the modulus varies sublinearly with frequency, having an exponent that decreases at lower frequencies (see Supporting Information). This suppression of flow can be ascribed to the effect of hydrogen bonding between the tetrazole pendent groups, which gives rise to a quasi-network. This association of the polymer chains has potential utility in applications such as PEM, by enabling stable membranes to be obtained without the need for chemical cross-linking.
Differential Scanning Calorimetry. DSC measurements ( Figure 8 , lower panel) reveal a broad transition around room temperature; there is no indication of other processes, including crystallization. The observed transition is actually the superposition of two processes, as seen by plotting the temperature derivative of the heat capacity (upper panel of Figure 8 ). Fitting two curves to these peaks, we estimate the transition temperatures to be 276.9 ± 0.1 K and 309.5 ± 0.4 K. These values are close to the T g 's found from the mechanical measurements and consistent with a phase-segregated morphology.
Atomic Force Microscopy. To investigate the phase segregation revealed by the mechanical and DSC measurements, tapping mode AFM was employed. Since the AFM measurements of the surface of the film may not be representative of the bulk, we prepared a thicker film (∼0.8 mm) and measured its cross-section after cutting it with a sharp blade. The morphological images of the cross section of a PS-(Tz-co-CN) film (panels a and b in Figure 9 ) show a quite smooth surface (average height ∼28 nm with a roughness ∼7 nm over an area of 4 × 4 μm). AFM phase images (panels c and d in Figure 9 ) reveal two phases defined by their different stiffness. The concentrations of the domains are roughly equal, with a broad distribution of dimensions with maximum dimensions of about 100 nm. The presence of two domains is consistent with the mechanical and DSC data since the temperature of the AFM measurements (301 K) is intermediate between the transition temperatures (see Figure 5 and Figure  8) . Thus, the hard and soft domains correspond to respective slow and fast dynamic processes.
SAXS measurements (not shown) of the PS-(Tz-co-CN) give no indication of any structure, consistent with the extremely disordered morphology observed by AFM, as well as possibly small differences in electron density between the two phases.
■ DISCUSSION
The slower relaxation process seen in the mechanical measurements is identified with the segmental dynamics of the polymer backbone, consistent with data for a PS homopolymer ( Figure 5) , 15 although there is internal plasticization in the present material by the pendant tetrazole moieties. The faster mechanical relaxation and the corresponding dielectric α-relaxation are ascribed to motion of the side groups, which is faster (being less intramolecularly cooperative) and involves the more polar part of the chain. This side group motion should be coupled to the ionic conductivity since it is the tetrazole group that participates in the conduction process. 23 The mechanism is by hopping of protons between sites over an extended hydrogen bond network (Grotthuss mechanism 24 ) formed by the tetrazole groups. Flexibility of the side chain, ease of rotation, and proximity of the tetrazole rings are therefore important factors governing proton mobility. The AFM images and the mechanical measurements both indicate a phase-separated morphology, with the softer phase associated with the faster process. Attribution of the two phases from a molecular point of view is not straightforward. The soft domains are almost ten times larger than what is expected from the length of the side chain; therefore, the structure must be rather complex, arising from the very different nature of the pendant group and the backbone. Certainly, we expect the softer phases to be enriched in the more mobile tetrazole, although molecular dynamic simulations would be required to better quantify the morphology. Conceivably, different local ordering of the pendant groups, without substantial change in pendant groups concentration, could underlie the observed difference in mechanical stiffness.
Analyzing the EP using eqs 3−5, we obtain the temperature dependences of the charge density and mobility ( Figure 10 ). The latter exhibits VFT-like behavior (eq 8), with T 0 = 242 ± 3 K and B = 1270 ± 70 K. To assess the coupling between ion mobility and the segmental dynamics, Figure 10 There is a change from a larger exponent at low temperature (m = 0.86) to a smaller value at higher temperatures (m = 0.66), the decrease indicating less coupling with increasing temperature. It is interesting to note that this loss of coupling (denoted by arrows in Figure 10 ) becomes manifest around T = 333 K, which is just above the glass transition temperature for the slow segmental (backbone) process (see Figure 5 and Figure 8 ). Reflecting different proton transport mechanisms, the temperature dependence of the proton mobility in PS-(Tzco-CN) is quite different from that for Nafion. For the latter, proton transfer relies on proton mobility in water. For Nafion at room temperature, μ ∼ 10 −4 S/cm, 26 which is more than 3 orders of magnitude higher than the value observed herein for PS-(Tz-co-CN) at the same T. At higher temperatures Nafion dehydrates, and the mobility increase is only an order of magnitude at 368 K. In contrast, for PS-(Tz-co-CN), in which proton mobility is governed by the pendant group mobility, the temperature dependence is stronger. Over the range from 298 to 368 K, the relaxation time for the pendant group decreases 6 orders of magnitude, reaching a value at 368 K of ca. 10 −6 s ( Figure 5 ), i.e., commensurate with the relaxation time of a liquid. Although the proton mobility in pure tetrazole is unknown, for the related N-heterocyclic imidazole, a lower limit of μ = 4 × 10 −3 cm 2 V −1 s −1 at 368 K has been reported, 27 close to that found herein for PS-(Tz-co-CN).
The temperature dependence of the charge density also shows the presence of two asymptotic regimes at high and low temperatures, with a crossover region in which the ion concentration is almost constant (Figure 10 inset) . Below T ∼ 333 K, p increases. At high temperatures (>353 K) the ion concentration exhibits properties typical of homogeneous ion conductors: 10 Arrhenius behavior, p = p ∞ exp(−E act /RT) with E a = 11.9 ± 0.9 kJ/mol and p ∞ = (3 ± 1) × 10 16 cm ; therefore, although the ion conductivity is relatively high, the proton dissociation is very limited. Note that this proton dissociation is only an estimate since the modified Macdonald model is only accurate to an order of magnitude. 10 On the basis of the aqueous dissociation constants of 1H-tetrazole, 28 the dissociation energy of 1H-tetrazole is estimated to be 126 kJ/mol assuming a second tetrazole is the proton acceptor or 28 kJ/mol if water is the acceptor. The latter is unlikely since the samples were extensively dried prior to our measurements. Thus, the activation energy of p is significantly smaller than the dissociation energy.
The anomalous increase in the charge density at low temperatures possibly results from an apparent increase of Δε EP due to other polarization processes, for example, charge accumulation at interfaces within the sample (Sillars polarization); however, no other process is evident in the dielectric spectra. The observed behavior could be related to the phasesegregated nature of the material. The majority of the charge transport occurs through the (soft) tetrazole-rich phases, whereby any diffusion of ions into the (hard) PS-rich phase corresponds to a loss of ions. For temperature below the glass transition of the PS-rich phase (ca. 313 K), diffusion of ionic species into it is suppressed; this suppression of ion depletion manifests as an apparent increase in the number of ionic species. On the other hand, at high temperature a "loss" of ions from the fast to the slow phase would cause a smaller activation energy of p. This interpretation is consistent with the increased coupling between the segmental relaxation of the tetrazole-rich phase with the ion mobility since ions that migrate into the slow phase would be less correlated with the faster relaxation.
■ CONCLUSIONS
An investigation of PS-(Tz-co-CN) ion transport properties using dielectric and mechanical spectroscopies, DSC, and AFM shows that PS-(Tz-co-CN) forms a two-phase system, with soft domains richer in tetrazole groups and therefore expected to contribute more to ion conductivity. Since the mechanical properties are governed by the dynamics of the polystyrene backbone, the ion conductivity is decoupled from the mechanical stiffness and viscosity of the material. Such behavior can be exploited for applications such as proton exchange membranes that require both high conductivity and mechanical stability. Additionally we observed suppression of viscous flow in this material, which is ascribed to the presence of a network formed by hydrogen bonding among tetrazole groups. This property has practical utility by enabling stable membranes to be obtained without the need for chemical cross-linking. thanks the Pennsylvania State University and thesis advisor, Dr. Michael Hickner, for providing guidance and the opportunity to perform research at NRL.
